ABSTRACT: The biogeochemical impact of 3 long-line mussel farms (M1, M2 and M3) in Lysekil, Sweden, was investigated from before farm establishment until 1.5 yr after operation had begun. Sedimentation, benthic N flux, total oxygen uptake (TOU) and sulfate reduction rate (SRR) were all significantly increased below the mussel lines at all 3 farms. Effects of increased sedimentation rates were revealed by sediment profile imaging and were highest at Stn M2. These effects increased significantly with time of farm operation, indicating the accumulation of organic matter within sediments over time. Furthermore, more total particulate organic N deposited at farm stations was recycled into the water column compared to at reference stations (~45 versus ~13%), indicating an increased release of dissolved inorganic N from sediment below the mussel farms. At one station (M2) with the highest increase in sedimentation rate, denitrification seemed inhibited, while at another station (M3), with a less pronounced increase in sedimentation rate, denitrification was in fact stimulated, accounting for 13% of total sediment N removal. Calculations based on estimated values of N removal through mussel harvest and direct measurements of N input through changes in sedimentation, N regeneration from sediment to the water column through benthic fluxes and changes in denitrification showed, in all cases, a net removal of N from the system, as only 26 to 40% of the total amount of harvested N had been added to the sediments during the growth period.
INTRODUCTION
Mussel aquaculture is an internationally expanding industry, and also currently increasing along the Scandinavian coasts (Smaal 2002) . The conditions for cultivating blue mussels Mytilus edulis in off-bottom farms are favourable due to the plentiful supply of mussel larvae and plankton in this area. Mussel farms have the potential to permanently remove particle-bound nitrogen (N) and phosphorus (P) from the water column, thereby improving water quality in eutrophic areas (Lindahl & Kollberg 2009 ). Eu trophi cation as a result of excess nutrient supply is widespread in Scandinavia, as it is in other coastal areas around the world (Diaz & Rosenberg 2008) . Although several international agreements (North Sea and OSPAR) have outlined goals to reduce anthro pogenic N and P emissions to the sea, these remain unfullfilled (Rosenberg 1990 , Anonymous 2001 ). Blue mussels could have the ability to reduce nutrient levels in coastal waters, as they feed on particles suspended in the water column and thereby remove nutrients bound in primary production. Indeed, the farming of filter-feeding mussels has been suggested as a sustainable method for producing food of high nutritional value, whilst simultaneously recycling nutrients from sea to land (Edebo et al. 2000 , Lindahl et al. 2005 .
Mussel farms have been established in the village of Lysekil on the Swedish west coast to remove excess nitrogen released by the village's sewage treatment plant. Nearly 40 t N yr −1 is discharged from the treatment plant, and, following European Union (EU) regulations, 70% of this N release must now be removed. Harvest of 1 t of blue mussels is estimated to remove 6 to 10 kg N from the ocean (Petersen & Loo 2004 ) based on the total N content of mussel shell and meat. The removal of 28 t N yr −1 (70% of 40 t) to compensate for the input from the sewage treatment plant would require an annual harvest of minimum 2800 t of mussel biomass. In Lysekil, 20 units (with each unit producing 140 to 180 t of mussels in 18 mo; Lindahl et al. 2005 ) must be harvested annually to meet this requirement. With the ultimate aim of removing 100% of the nitrogen discharge, 35 longline farm units were established in the town in 2005.
The environmental impact of long-line mussel farming in Scandinavia was reviewed by Petersen & Loo (2004) , who found a general lack of knowledge regarding the effect of mussel farms on the cycling of elements (including N and P) in the underlying sediments. Even though the harvest of mussels represents an export of nutrients from coastal waters, mussel farming also increases nutrient loading of underlying sediments due to the sedimentation of mussel biodeposits (Hartstein & Stevens 2005) . The biodeposits of suspension-feeding bivalves can be rich in carbon (C) and N (Kautsky & Evans 1987) , and sedimentation rates 3 to 5 times higher under mussel farms compared to outside reference sites have been reported (Hartstein & Stevens 2005 , Carlsson et al. 2009 ). Organic enrichment of underlying sediment may lead to increased mineralization of organic matter, altering sediment biogeochemistry and potentially affecting benthic community structure (Carlsson et al. 2009 ).
One of the element cycles affected by increased sedimentation is N cycling (Kaspar et al. 1985 , Christensen et al. 2003 . Increased input of organic matter to the sediment provides substrate for heterotrophic denitrifiers which oxidize organic carbon with nitrate. This can stimulate N 2 production and enhance the natural removal of bioavailable nitrogen (Laursen & Seitzinger 2002) . However, at more extreme levels of organic matter input competition for electron acceptors and stimulated sulfate reduction creating sulfidic environments often negatively affect denitrification, as found below fish farms (Christensen et al. 2000 , Sayama 2001 ). When marine sediments become sulfidic, nitrogen mineralization pathways can shift from net nitrogen removal through denitrification or anammox to production of ammonium (NH 4 + ) via dissimilatory nitrate reduction (DNRA). Such shifts in nitrate reduction pathways have been reported from several organically enriched sites, including in Tokyo Bay (Sayama 2001) and below fish farms (Christensen et al. 2000) . When nitrogen mineralization is dominated by NH 4 + production, a larger proportion of organic nitrogen is recycled back into the water column and becomes available for pelagic primary production. A shift from denitrification to DNRA as the major nitrate-reducing pathway therefore results in enhanced retention of nitrogen in the coastal environment as dissolved inorganic N rather than loss as N 2 to the atmosphere. High sedimentation resulting from mussel production decreased denitrification at a mussel farm in New Zealand, and only 2% of the N input from the farm was removed through N 2 production (Christensen et al. 2003) . At the same time NH 4 + effluxes from the sediment were stimulated, increasing nutrient availability in the water column. Under such a scenario, the predicted N removal estimated through mussel harvest may be overestimated and total N budgets should be revised.
The environmental impact of long-line mussel farms in the Lysekil area was investigated with the specific aims of determining (1) how these farms affect benthic N mineralization and estimating (2) whether the established farms in the area potentially fulfil the request of reducing ~70% of the N input to the area. This was done by measuring N sedimentation rates, fluxes of dissolved organic N (DON), dissolved inorganic N (NH 4 + , NO 2 − + NO 3 − ) and denitrification rates in the underlying sediments and at a reference station. Additionally, pools of organic N in the surface sediment, total benthic oxygen uptake (TOU) and sulfate reduction rates (SRR) were analyzed. Based on sediment flux measurements and denitrification rates, N input versus N removal in the underlying sediment was estimated in order to provide insight into N cycling in mussel farm sediment. A similar study investigating the environmental impact of mussel farms has already been performed in Limfjorden, where eutrophication has a significant influence on sediment mineralization rates (Carlsson et al. 2009 ). However, their study provided no detailed insight into N cycling. Furthermore, the Limfjorden site differs from the Lysekil area in several ways, including shallower water depth, suggesting a less intensive benthic impact in Lysekil.
MATERIALS AND METHODS

Field sampling
The Lysekil sampling site is located in the Skagerrak Strait on the Swedish west coast, with moderate exposure to the open ocean (Fig. 1) . Three mussel farms, M1, M2 and M3, with a water depth of 18.5, 19 and 18.5 m, respectively, were visited 3 times. The first visit was in September 2005 (Sep05), 2 mo after the farms were established in July 2005, followed by a second visit in May 2006 (May06) and a third in September 2006 (Sep06). M1 and M3 were located relatively close to each other at a distance of 600 m, while M2 was located approximately 2500 m further to the southeast. M2 was more sheltered compared to M1 and M3, due to their exposure to the northeast (Fig. 1) . Each farm corresponded to 1 unit (1 ha) of the 20 established farms in the area. Horizontal 200 m long-lines, attached to buoys, were placed 0.5 m below the surface. Vertical mussel lines (10 m) were attached to the long-lines 0.5 m apart. Mussel biomass was estimated to be approximately 250 t at harvest (in Sep06 after the last visit). Average individual growth of the mussels was 45 mm after the first year, with the mussels attaining 50 to 60 mm in length by the time of harvest. From Scuba dives carried out in Sep05 and observations from ship made during each sampling occasion, biomass at M3 was estimated to be lower in comparison to the other farms, as approximately 25% of the growth lines were without mussels.
Sediment samples were collected at a farm station (FS) situated in between mussel lines in the centre of the farms and at a reference station (REF) 100 m outside the farm. FSs and REFs were thus located relatively close, and, from examinations before mussel farming was initiated, the locations were considered to be similar. In addition to the 3 visits to the farms, sediment cores were collected at FS in May05 (2 mo before the farms were established).
Six sediment cores for measurement of nutrient fluxes, denitrification and total oxygen uptake were collected on each sampling occasion at each station by deploying an Olausen box-corer (30 × 30 cm) 6 times. From each box-core retrieval 1 core was subsampled in 30 cm long Plexiglas liners (i.d. 10 cm). Three smaller 20 cm long (i.d. 2.6 cm) liners equipped with silicone-filled ports were also sub-sampled from the box-corer and used for measuring sulfate reduction rates. Sediment cores were capped and stored on deck in the shade until arrival at the laboratory (max. 8 h). Surface sediment (0 to 2 cm) for anoxic sediment incubation was collected from the Olausen box-corer and stored in a closed plastic container on deck. Bottom water samples for in situ nutrients (NH 4 + , NO 3 − + NO 2 − and HPO 3 2− ) and O 2 concentration measurements were collected in Nis kin bottles (n = 3), specially designed for bottom water sampling.
In September 2006, sedimentation rates of particulate organic carbon (POC) and particulate organic nitrogen (PON) were measured at FS and REF at both M2 and M3 using single cylinder sediment traps (53 cm height, 8 cm depth, aspect ratio = 6, n = 3). Sediment traps were suspended from a floating board moored to the bottom of 3 consecutive mussel lines (1 line trap ) was added to the traps prior to deployment 
Sediment characteristics and pore water NH 4 + concentrations
Surface sediment (0 to 2 cm depth) porosity was calculated from weight loss occurring after drying 5 ml of wet sediment to a constant weight at 60°C. The dried sediment was later used for analysis of POC and PON (see previous subsection).
To estimate organic matter mineralization rates in the sediments, NH 4 + production during anoxic sediment incubation was measured. Surface sediment (0 to 2 cm) was homogenized and placed in 60 ml centrifuge tubes that were then capped and kept in plastic bags filled with N 2 gas during incubation. Bags were then buried in anoxic sediment in the dark at in situ temperature (closed jar incubations; Martens & Berner 1974 , Hulth et al. 1999 . During incubation 3 samples were collected on 6 occasions comprising a time series. The jars were centrifuged for 20 min at 1060 relative centrifugal force, and pore water was collected and filtered through an acetate cellulose filter (45 µm) and frozen immediately at −20°C until analyzed for NH 4 + within 3 mo (see following subsection). Net mineralization rates were inferred from the initial linear increase in pore water NH 4 + concentrations. To account for reversible adsorption equilibrium with sediment particles, observed rates of ammonium release were multiplied by the factor (1 + K), where K is the linear absorption coefficient estimated after shaking the sediment vigorously with 2 M KCl and comparing NH 4 + pore water concentrations of KCl-extracted samples with that of natural sediment (Mackin & Aller 1984) .
Sediment profile imaging (SPI) was carried out on all sampling occasions at each station in order to estimate the depth of oxic and oxidized sediment. A camera was inserted into the sediment, and 5 replicate colour photographs (16 × 24 cm) were taken of the top 12 to 15 cm. The photographs were analyzed according to a benthic quality index (BQI) modified from the successional model of Pearson & Rosenberg (1976) (Nilsson & Rosenberg 1997) . This index takes into account surface and subsurface structures such as faecal pellets, tubes, infauna and their burrows. Values vary between 0 and 15, reflecting sediment stress along an enrichment gradient. Well-oxidized sediment without hypoxia is represented by a BQI > 10, while BQI values from 5 to 10 indicate minor stress for a biodiverse community in which most of the functional groups are represented. BQI values from 2 to 4 suggest severe oxygen stress which may change benthic community structure to being dominated by opportunistic species, and finally BQI values of 0 to 2 indicate the absence of macrofauna. Additionally, the depth of the redox potential discontinuity (RPD) layer indicates the depth of oxidized sediment.
Whole core flux incubations
Upon their arrival in the laboratory, a gentle flow of seawater pumped from the deeper parts of the Gullmarfjord (40 m depth, in situ temperature, salinity = 34) was applied to each of the sediment cores, which were then stored at in situ temperature in the dark for 12 h before flux measurements were initiated so that added 15 NO 3 − could reach the nitrate reduction zone in the sediment (see below). To start the incubation process, cores were sealed with gas-tight lids containing 2 closable valvesone for ingoing refill water and the other for outgoing sample collection. The overlying water was carefully mixed using a rotating (30 rpm) Tefloncoated stirring bar. Samples for analysis of dissolved nutrients (NH 4 + , NO 2 − + NO 3 − , HPO 4 2− ), DON and O 2 were collected in a time series of 6 samplings (t = 0 to 5). The length of each series depended on the time for reaching an O 2 concentration 20% lower than the initial concentration, which varied from 0 to 14 h in Sep05 to 0 to 3 h in Sep06. After being filtered (0.45 µm cellulose acetate) and stored at −20°C, nutrient samples were analyzed with an automatic analyzer (TRAACS 800, Bran and Luebbe) using standard colorimetric methods (Strickland & Parsons 1972) . DON samples were oxidized to NO 3 − before analysis on the TRAACS. Briefly, potassium persulfate was added to each 8 ml sample in order to oxidize organic and inorganic N (total N [TN]) to nitrate. Oxidation was performed in a CertoClave (i.e. pressure cooker: Hochdruck-Sterilisator) for 30 min at 120°C. Samples for oxidation yield background correction (n = 3) and internal standards (n = 3, glycine) were also included. DON was calculated as total nitrogen (NH 4 + + NO 2 − + NO 3 − ).
Oxygen samples were precipitated using Winkler reagents, stored in the dark at 4°C and titrated within 12 h. Incubation times were adjusted to achieve < 20% decrease in O 2 concentration. Fluxes were calculated from changes in concentration over time in each core, with corrections made for refilled water replacing volume withdrawn.
Denitrification
Benthic denitrification rates were estimated from NO 3 − ratio. At the start of the incubation, 6 cores from each station were sealed with gas-tight lids. The cores were then sampled at fixed times until < 20% decrease in O 2 concentration was observed (see above). During sampling the water column and sediment were carefully mixed with an aliquot of the resultant slurry transferred to 12 ml gas-tight glass vials (Exetainer, Labco) for determination of 29 N 2 and 30 N 2 concentrations. Zinc chloride (0.1 ml of 7 M ZnCl 2 ) was added to the sampling tube (Exetainer) for preservation. Concentrations of 29/30 N 2 were determined using an isotope ratio gas chromatography−mass spectrometer (RoboPrep G+ online with a Tracer Mass, Europa Scientific) and calculated as excess above their natural abundances. The IPT provides measures of denitrification involving nitrate diffusing from the overlying water column (Dw), and coupled nitrification/denitrification in which nitrate originates from nitrification within the sediment (Dn).
IPT has been shown to be biased in sediments associated with significant anammox contributions (>10% anammox to total N 2 production; Risgaard- Petersen et al. 2004 , Trimmer et al. 2005 . In the present study, potential anammox in surface sediment (0 to 2 cm) was measured in homogenized anoxic sediment incubations in May 2005 following the method of Thamdrup & Dalsgaard (2002) . According to these results, anammox contributed 7 to 9% of total N 2 production at all stations and was considered insignificant.
Sulfate reduction rates
Sediment cores (2.6 cm) were pre-incubated overnight at in situ temperature.
S-SO 4
2− -tracer (2 µl) from an 80 kBq µl −1 solution was then injected through the silicone-filled ports at 1 cm intervals from the surface down to a depth of 10 cm, and the cores were incubated for 6 to 11 h. Samples were sliced at 1 cm intervals down to a depth of 6 cm and at 2 cm intervals down to 10 cm depth, before being fixed with zinc acetate [20% Zn(O 2 CCH 3 ) 2 ] and stored frozen at −25°C. SRR was determined using the 1 step distillation procedure (Fossing & Jørgen -sen 1987) . Approximately 2 g homogenized sediment from each slice was transferred to a reaction flask containing 5 ml water and 10 ml 50% ethanol. After degassing with N 2 for 10 min, the slurry was acidified via the addition of 8 ml of 12 M HCl and 16 ml of 1 M Cr 2+ added to 0.5 M HCl, before being distilled by boiling for 45 min. TRS was trapped as ZnS in 10 ml of 5% Zn(O 2 CCH 3 ) 2 , with subsamples then mixed with scintillation liquid and counted on a liquid scintillation analyzer.
Data analysis
Bottom water oxygen and nutrient concentrations, sediment characteristics, sedimentation rates, fluxes and sulfate reduction rates were compared between (1) stations, (2) farms nested within station and (3) sampling times using a 3 factorial general linear model analysis of variance. Data from May05 (before the mussel farms were established) were not included in any statistical tests due to lack of a reference station. Tukey post hoc tests were performed in cases of significance (α < 0.05). Homogeneity of variance and normality were assumed according to Levene's and Kolmogrov-Smirnov's tests. The relationships between (1) N sedimentation and NH 4 + flux and (2) C sedimentation and TOU were tested by linear regression (α < 0.05).
The N budget was calculated from N sedimentation, denitrification and N fluxes (input vs. removal through denitrification) at M2 and M3. Sedimentation rates of PON were used as a proxy for the total (100%) input of N to sediment from the water column 
RESULTS
Bottom water and sediment characteristics
Physical properties, and oxygen and nutrient concentrations
Bottom water temperature ranged from 7°C in May to 16−17°C in September, while salinity remained constant at 31. Oxygen concentrations ranged be tween 160 and 290 µM, corresponding to saturation levels of 53 to 95%, at all sites throughout the entire study period, with the exception of the M1 reference station in Sep05 and Sep06 which exhibited lower O 2 concentrations of 92 and 77 µM, respectively ( − at M1) ( Table 2 ). All stations were characterized by muddy sediment with a porosity of 0.79 to 0.82 (data not shown). Sediment at M1 contained a larger fraction of shell gravel compared to M2 and M3. Surface sediment (0 to 2 cm) had a POC content of 2 to 3% DW and a C:N ratio of between 13 and 15 at all stations (Table 1) . The POC and PON contents were only significantly higher at FS than at REF at one of the farms (M2). Pore Abbreviations as in Table 1 sampling time interacted significantly for the bottom water nutrients, pore water NH 4 + and sediment characteristics (Table 2) .
Sediment profile imaging
BQI values calculated from sediment profile imaging indicated only minor stress levels at M3 with a biodiverse community (FS 8.3 ± 1.7 and REF 9.8 ± 0.83) observed at all samplings (Table 1) . At M1 and M2, BQI at FS had decreased by 170 and 45%, respectively, compared to REF where it remained at the same level throughout the whole sampling period ( Table 1 ). The RPD depth varied between 1 and 3 cm at REF stations (Table 1) , while the RPD at FS at M2 decreased and was undetectable in both May06 and Sep06. The RPD depth was also affected by the mussel farm at M1 being a percentage of 200 and 600 higher at FS compared to REF in May06 and Sep06, re spectively. Both RPD and BQI varied significantly be tween stations, farms within each station and time except at M3 where no effects were observed (Table 2) .
Sedimentation rates
Sedimentation rates were measured at M2 and M3 and showed significantly higher POC and PON sedimentation at FS compared to REF (Tables 3 & 4) , with rates at FS 3 to 4 times higher at both farms. Furthermore, sedimentation rates were significantly higher at M2 compared at M3 within each station. Mean C:N ratios of trapped material at both farms were not significantly different between FS and REF (p > 0.05; Table 3 ). Due to higher N content, C:N ratios was lower in suspended material (Table 3 ) with respect to that of the surface sediment (Table 1) .
Sediment metabolism
TOU, NH 4 + and DON flux
After 12 to 16 mo of operation, benthic fluxes were significantly higher at FS compared to REF at all farms ( Fig. 2A, Table 4 ). Farms within stations varied significantly, with the highest flux levels at M2 FS. Fluxes varied with sampling time as they generally increased from Sep05 to May06 and Sep06 (Fig. 2,  Table 4 ), e.g. , whereas the NH 4 + efflux in Sep06 was 13 times higher at M2 FS ( Fig. 2A) . Simultaneously, the highest bottom water and pore water NH 4 + concentration (6.8 µM) was also observed at M2 (Table 1) ) throughout the sampling period (Fig. 2C ), but after the first year of active farming TOU had increased by 100 to 400% at the farm stations with respect to the REF stations. The greatest discrepancy between REF and FS was observed at M2 in Sep06 (Fig. 2C) . However, no differences were observed in Sep05, i.e. ~2 mo after the establishment of the mussel farms. Both NH 4 + flux and TOU increased significantly with increased sedimentation (Fig. 3A,B ; p = 0.043 and p = 0.021, respectively). Fluxes of NO 2 − + NO 3 − were low and inconsistent with both uptake and release of NO x throughout the study, except for Sep2006 when all farm stations showed an uptake of NO 2 − + NO 3 − from the water column, while sediment at the REF was a source of NO 3 − (Table 5) (Table 5) .
Denitrification
Coupled nitrification−denitrification, Dn, dominated denitrification rates at all stations in all seasons, making an average contribution to total denitrification of 82% ± 8.1 (Fig. 4) . Total denitrification rates were < 2 mmol m −2 d −1 at M1 and M2, and approximately twice as high at M3 (Fig. 4) was observed at M3 during the same period, although here denitrification was in fact stimulated below the farm (Fig. 4) . Other abbreviations as in Table 1 NH 4 Fig. 2 denitrification at the farm station at M2, compared to 10% at M3 (Fig. 6) . The following section discusses these results with respect to the removal of N after 1 mussel harvest cycle (16 mo).
DISCUSSION
Sedimentation and sediment composition
The present study shows that the establishment of the Lysekil mussel farms increased the local sedimentation rates and affected underlying sediment by consistently increasing benthic oxygen demand and nutrient release. Measured sedimentation rates are in the same range as those reported in earlier studies of mussel farms with similar production size, in both Sweden (Dahlbäck & Gunnarsson 1981) and Denmark (Carlsson et al. 2009 ). However, sedimentation rates at the M2 farm were almost twice as high as at the M3 farm which indicated a higher mussel biomass at M2 compared to M3. The lower organic input to the sediment below the M3 farm suggests that the effects of organic matter enrichment such as hypoxia and increased sulfate reduction in the sediment will be lower compared to M2 (Hargrave et al. 2008) . Valdermarsen et al. (2009) , however, concluded from studies with fish farm waste thresholds that organic enrichment should not be defined in terms of organic input but rather in terms of the metabolic capacity of the sediment. Even so, in the present study, the mussel farm with the lower sedimentation rate showed lower metabolic rates as reflected in lower oxygen consumption rates, lower sulfate reduction rates, and less accumulation of ammonium in the pore water.
C:N ratios in suspended material were higher at FS than at REF were done before the mussel farms were established. Denitrification rates were calculated from a time series with 6 cores (n = 1; see 'Sediment metabolism -Denitrification'). nd: no data available. Abbreviations as in Fig. 2 a study of New Zealand mussel farms, C:N ratios in sediment traps below the farms were significantly higher than in material collected in traps 150 m outside the farms -a pattern attributed to N incorporation in mussel tissue (Hartstein & Stevens 2005) . The smaller differences reported here could reflect a wellmixed water column which may have prevented N limitation below the farm sites. Furthermore, mussel farms did not affect the content of POC or PON in the surface sediment as commonly observed before (Grant et al. 1995 , da Costa & Nalesso 2006 , Giles et al. 2006 . However, RPD and BQI appeared to be sensitive indicators of mussel farm impacts in the sediment.
Impacts on nitrogen cycle
The increased sedimentation rates observed at mussel farms in the present study were accompanied by increased NH 4 + efflux from sediment under the mussel lines. The relatively large effect on NH 4 + release and pore water concentration, especially at M2, suggests stimulated benthic metabolism in which ammonium is released as the end product of organic matter decomposition (Mackin & Aller 1984) DON is also an important source of bioavailable nitrogen, and DON effluxes were in the same range as those of NH 4 + . When considering mitigation of N by mussel farms as a management tool, it is essential to take into account the effect of denitrification. In the present study, sediment denitrification rates exhibited a variable response to organic loading from mussel farms -most likely due to differences in sediment type and farming activities. The reduced sediment at M2 resulted in decreasing Dn at FS, with levels only half of those observed at REF on all sampling occasions. Thus denitrification removed only ~1% of the total N sedimentation at FS, which is in the same low range as that found by Christensen et al. (2003) in a New Zealand mussel farm. Sulfide may have inhibited nitrification, and thus also Dn (Joye & Hollibaugh 1995 , Christensen et al. 2003 , as well as stimulating dissimilatory nitrate reduction to ammonium (DNRA) (Christensen et al. 2000) as indicated by high NH 4 + release. Sediment at M3 had a thicker RPD layer and lower sulfate reduction rates in the nitrate reduction zone, which may explain the stimulated Dn at this FS compared to the FS at M2. The biogeochemical responses observed at M1 were similar to those at M3, despite the fact that mussel biomass at M3 appeared lower than at M1, and thus potentially indicated a lower sedimentation rate. But as the sedimentation rate was not measured at M1, it is yet unclear whether factors other than biomass, such as lower food availability, have influenced the sedimentation rate or the sediment below M1 had more efficient metabolic activity (Valdemarsen et al. 2009 ) with its location in a more exposed area, potentially resulting in a better mixed water column and increased supply of oxygen. M2 was located in a sheltered area with a potentially lower current speed, and the farm therefore had a higher local effect (Ferreira et al. 2007 ); however, water currents were not measured in the present study. Although Minjeaud et al. (2009) found denitrification to efficiently re move N from a mussel-cultivating environment in the Mediterranean Sea, investigations examining other organic-rich environments have revealed denitrification to be inhibited below mussel farms in favour of DNRA (Gilbert et al. 1997 , Christensen et al. 2003 . Nizzoli et al. (2006) observed a large net input of N to sediments, based on the complete absence of denitrification in favour of DNRA in an Italian lagoon associated with intense shellfish cultivation.
Covering an area of 1 ha, the mussel farm at M2 produced 250 t of mussels over 1 harvest cycle (16 mo) and has the potential of removing 2500 kg N through harvest of mussel tissue. N sedimentation at M2 FS during these 16 mo was enhanced bỹ 990 kg compared to the REF station.
As only approximately 1% of this was removed through denitrification, ~980 kg N (40% of harvested N) remained in the ecosystem, where it was partly recycled from the sediment to the water column as NH 4 + , and partly retained in the sediment, where it was sequestered or mineralised on a time scale beyond the scope of our study. At M2 REF, 7.2% of the N sedimentation was re moved through denitrification; however, N was not removed through harvest at this station. According to our calculations, the bulk of the remaining N at both FS and REF was retained in the sediment for potential mineralisation at a later timepoint. The uncertainty of mussel biomass at M3 makes it difficult to calculate how much N was potentially removed at M3 FS. However, as approximately 25% of the lines at M3 were empty, we assume a 25% reduction in mussel biomass (i.e. 200 t) and estimate that the harvest of all mussels at M3 would remove 2000 kg N. Enhanced PON sedimentation during 1 harvest cycle was 576 kg N, or 508 kg when accounting for the stimulated denitrification at FS. Hence, only 26% of harvested N at this farm remained in the ecosystem. As the mussels feed only on natural seston and no nutrients are added to culture the mussels, it may be expected that the increased sedimentation rates occurring within the farms are, to some extent, counteracted by reduced sedimentation on a larger scale in areas surrounding the farms (Petersen et al. 2012 ). However, studies of local hydrography, in cluding water column transport of particles, would be required in order to be able to account for such far field effects. Based on our measurements, harvesting 20 units yr −1 could potentially remove 28 t N, the amount initially required to counteract the input from the Lysekil sewage treatment plant. Establishment of 20 mussel farms of 1 ha (i.e. equal in size to those at M2 and M3) would actually remove 29 to 30 t N. Attention must be paid, however, to the possibly escalating impact on the N cycle over time. The mussel farms investigated in the present study had been in place for only 1.5 yr, and it was clear that the highest increase from REF to FS had occurred during the last sampling occasion. This in dicates that the continuous loading of mussel biodeposits gradually in creases the demand for oxygen to reoxidize reduced compounds, leading to oxygen depletion and stimulating the production of sulfide (Hargrave et al. 2008) . Sampling on a regular basis for a longer time would be beneficial to properly confirm this. Consequences of mussel farms on water quality and nitrogen removal have been evaluated before in other eutrophic areas by calculation of N budgets with sinks (grazing of phytoplankton and uptake of de tritus) and sources (excretion from mussels and faeces) (Ferreira et al. 2009 ). Their study showed that 70% of the ingested phytoplankton and detritus was re moved through mussel harvest in Pertuis Breton, France. Similarly, Nunes et al. (2011) found that negative effects of the farms were small, and local and sediment enrichment was insignificant compared to the net removal and economic gain by mussel harvest. On the other hand, Cranford et al. (2007) predicted that only a small amount of nitrogen was removed through mussel harvest compared to the agricultural input and input from mussel excretion and biodeposition in an East Canadian bay. They found that of the amount of N defecated from the mussels to the sediment, 63% was regenerated to the water column as total inorganic N. They also suggested that inhibition of denitrification increased the N regeneration more than predicted in their model. The present study supports the correlation between elevated TOU, SRRs and nutrient release, and negative effects on benthic RPD and BQI. The measured fluxes, however, correspond to much lower N regeneration into the water compared to the N received from the mussels. The contradiction between our study and some of the others may be due to different local hydrodynamic characters and different methods used in the N budget calculations, as the fluxes in Cranford et al. (2007) were based on models compared to direct measurements in the present study. Furthermore, the denitrification in the present study was generally stimulated by increased N sedimentation, and, in the end, there was a net removal of N by the mussel harvest. In addition to the observed N cycling trends, the significant stimulation of HPO 4 2− release indicates that the presence of oxidized iron was low, which is similar to observations in Limfjorden sediments with limited binding capacity of phosphate (Holmer et al. 2003) . 
